Epilithic diatom communities offer a holistic and integrated approach for assessing water quality as they remain in one place for a number of months and reflect an ecological memory of water quality over a period of time. The objective of this study is to use diatom assemblages to distinguish between particular land types and associated water quality impacts that are linked to these land-use patterns. Water quality and diatom community data were collected from sites in the Crocodile and Magalies Rivers (Gauteng and North West Province, South Africa) associated with agricultural, urban and natural (reference) adjacent land use respectively. The data collected were subjected to multivariate statistical techniques to analyse spatial and temporal patterns in water quality (principal component analysis) and diatom community structures (non-metric multidimensional scaling) to elucidate hypothesised differences in community structure per land-use type. Five diatom response indices (Generic Diatom Index, Specific Pollution Sensitivity Index, Biological Diatom Index, Eutrophication/Pollution Index and Percentage Pollution Tolerant Valves) incorporated in the OMNIDIA software were implemented to assess the integrity of diatom communities per land-use type. Principle component ordination of water quality describes 56.6% of the variation in data observed, and indicates the separation of reference sites from test sites for low and high flow conditions combined. It was, however, not possible to distinguish between the agricultural and urban land-use sites using PCA based on water quality data. One-way ANOSIM showed a significant difference (p < 0.05) between reference groups, agricultural groups and urban groups, with no significant differences noted ( p > 0.05) between groups made up of sites exhibiting the same land-use patterns. Diatom indices showed that agricultural sites were in a slightly more modified ecological state than urban sites overall. Based on the species similarity (SIMPER analyses), reference sites showed strong associations with Achnanthes minutissima, Gomphonema venusta and Cocconeis placentula var. euglypta, whilst urban sites were associated with Diatoma vulgaris, Navicula tripunctata and Amphora pediculus. Agriculture could be separated into high-and low-intensity practices based on species composition. Sites where high-intensity agriculture took place were dominated by motile species of the genus Nitzschia, and low-intensity agriculture was indicated by motile species of the genus Navicula. Urban sites contained a combination of species that were tolerant of spikes in water quality.
Introduction
The use and relevance of diatoms as biomonitoring tools in riverine environments in South Africa have recently been investigated (De la Rey et al., 2004; Harding et al., 2005; Taylor et al., 2005b; Taylor et al., 2007a) . Diatoms have recently been used in the State of the Rivers Report for the Crocodile (West) Marico Water Management Area as an indicator of water quality and have been useful in indicating specific water quality problems such as organic pollution, eutrophication and heavy metal pollution (RHP, 2005; Taylor et al., 2005b) . The motivation for using diatoms for biomonitoring is that they are cosmopolitan, their cell cycle is rapid and they can provide a relatively rapid indicator of disturbance. Unlike other aquatic biota, diatoms do not have specialised habitat niches and are not predominantly governed by streamflow.
Because diatoms comprise a large proportion of epilithic algal communities they provide a representative group of species that are indicative of the effects of specific water quality problems. Changes in water chemistry will inhibit the multiplication of some species, while supporting that of others, thus the percentage composition of certain species within a community will be changed (Cholnoky, 1960 cited in Harding et al., 2005 . Changes in species composition can thus be used to reflect changes in water quality in a more integrated manner than traditional monitoring of water chemistry.
Modern agriculture is responsible for chemical and physical impacts due to increased contaminant and nutrient runoff, increases in suspended solids and changes in discharge and channel morphology (Skinner et al., 1997) . Thus, potentially there could be high water pollution at sites where the upstream and adjacent land use is agricultural. A multi-spatial scale assessment of land-use and diatom assemblages using partial canonical correspondence analysis (CCA) showed that the percentage of agricultural land use at varying spatial scales explained between 3.7% to 6.3% of variability in the diatom species dataset, suggesting that linkage between agricultural land use and diatom community structure was weak (Pan et al., 2004) . This study did, however, show that 72% of diatom taxa sampled from agriculturally impacted streams were salt-tolerant taxa which suggest that sampled streams are affected by salinisation due to irrigation. It is possible to use diatom community structures to differentiate between 580 impacts of urban wastewaters and farmland nutrient pollution, with subtle differences between eutrophication and biodegradable organic pollution discernible through the presence of certain indicator species .
The objective of this study is to compare and relate changes in diatom species assemblages to land use. This was undertaken by elucidating how water chemistry is changed by landuse patterns (agricultural, urban and relative reference) and, subsequently, how community structures of diatoms are modified due to agricultural impacts on the aquatic system. The relative importance of the effects of agricultural land use and other environmental variables such as water chemistry on diatom assemblages will be explored. Two seasons of water quality and diatom data were collected at 7 sites to elucidate the effects of land use on stream water chemistry and diatom assemblages between seasons.
Materials and methods

Study sites
Two different types of study sites were selected, namely 'reference' sites that were unimpacted sites relative to the impacts being assessed in this study; and monitoring sites, which have site-specific impacts relating to land use (Eekhout et al., 1996) .
A total of 7 sites, 2 on the Magalies River and 5 on the Crocodile River, were selected. These study sites, as well as their main adjacent land uses, are shown in Fig.1 . They range from perceived (based on land-use GIS-based shape files and aerial imagery) least-impacted to highly impacted in terms of land-use practices. Field sampling took place during a high-(April 2006) and a low-flow (August 2006) period.
Water quality
Physicochemical variables were measured in situ in flowing sections of each river at each site before biotic sampling was carried out and included pH, temperature (°C), dissolved oxygen (mg/ℓ and % saturation) and electrical conductivity (μS/cm). Handheld water quality meters were used for in situ analysis (Eutech pH 110 RS232C; Eutech DO6 dissolved oxygen meter and a Eutech CON 110 RS232C conductivity, TDS and temperature meter).
Single subsurface water samples were collected at each site. Spectrophotometric analysis was carried out on water samples using a Merck Photometer SQ 118. Variables measured in the laboratory using the spectrophotometric method were turbidity (NTU), nitrite (mg/ℓ NO 2 -N), nitrate (mg/ℓ NO 3 -N), orthophosphate (mg/ℓ PO 4 -P), total phosphate (mg/ℓ TP), calcium (mg/ℓ Ca), soluble chloride (mg/ℓ Cl), sulphate (mg/ℓ SO 4 ), ammonium (mg/ℓ NH 4 -N), ammonia (mg/ℓ NH 3 -N) and chemical oxygen demand (COD expressed as mg/ℓ O 2 ). Water quality results were compared to the Target Water Quality Requirement (TWQR) figures for aquatic ecosystems as set out by DWAF (1996) .
Total suspended solids (TSS), total suspended organic matter (TSOM) and total suspended inorganic matter (TSIM) were determined by filtering 1 ℓ of water collected from each site, for each sampling season, through a pre-weighed, pre-dried filter membrane (47 mm/0.45 µm pore size), using a Millipore glass vacuum filtration system. Once the samples had been filtered, the filter papers were dried at 60ºC for 48 h, after which they were weighed again. The dried filter paper was placed inside a pre-dried and pre-weighed crucible and incinerated at 600ºC for 8 h to determine the proportions of TSOM to TSIM. Total suspended solids concentrations were estimated using the weight of residuals on the membrane filters and was expressed as g/ℓ.
Diatoms
Epilithic diatom field sampling and laboratory procedures were carried out according to the methodology described by Taylor et al. (2005b) . Diatoms were collected from 5 cobbles in a 10 m reach of the flowing sections of the rivers. Diatom samples were prepared for microscopy by using the hot hydrochloric acid (HCl) and potassium permanganate (KMnO 4 ) method (Hasle, 1978) . The taxonomic guide by Taylor et al. (2007b) was consulted for identification purposes in this study. Where necessary, Krammer and Lange-Bertalot (1986; 1988; 1991a; were used for identification and for confirmation of species identification. Multiple endpoints were used (species assemblages, aut-ecological metrics and diatom indices) to relate diatom assemblages to land-use impacts. The diatom indices used in this study, as well as reasons for their selection are listed in Table 1 .
For the purposes of this study 300 to 600 diatom frustules were counted for ecological analysis (Prygiel et al., 2002) . Suggested rules for counting diatoms according to CEN (2004) were followed. A Zeiss Photomicroscope I with differential interference contrast optics (DIC) was used for identification and enumeration at a magnification of 100 x 1.3 NA (oil immersion objective). The microscope was attached to a JVC video camera with a frame grabber and the images were captured using Automontage software.
Diatom community data were entered into OMNIDIA (Lecointe et al., 1993) software which incorporated the above indices, with the calculation of the index scores. In all cases (excluding the % PTV) the diatom indices were calculated using the weighted average formula of Zelinka and Marvan (1961) (cited in Taylor et al., 2007a) : For all of the above indices (except % PTV which has a maximum value of 100) the maximum value is 20, where a score tending to zero indicates an increasing level of pollution or eutrophication. Class values for diatom index scores for SPI, GDI, BDI and EPI indicating varying levels of pollution were awarded according to Eloranta and Soininen (2002) . These values were used in this study for the interpretation of the scores yielded by the various indices.
Statistical data analyses
Primer Version 6 was used for the statistical analysis of water quality data. Temperature data were excluded after initial analyses because of the contribution of the variation in temperature between seasons to skewness in the data. Selected water quality data variables (DO, conductivity, pH, NO 2 -N, NO 3 -N, COD, NH 3 -N and NH 4 -N) were log-transformed due to the skewness in data indicated by the scatter plot for variable pairs (Draftsman Plot). Principal component analysis (PCA) was carried out on normalised data. A lower triangular resemblance matrix was created based on the Euclidean distance between samples. The resemblance matrix was subjected to twodimensional non-metric multidimensional scaling (NMDS). Finally, the BIOENV procedure using biota and/or environment (BEST) matching based on Spearman's correlation was used to identify variables that best explained species ordination.
Diatom community statistics
Primer Version 6 was used to construct Bray-Curtis similarity matrices from square-root transformed diatom species abundance data recorded for each site on high-and low-flow occasions. Similarity matrices were subjected to group-averaged hierarchical clustering (CLUSTER) and ordination by NMDS to summarise patterns in species composition. Factors were assigned to Bray-Curtis resemblance matrices based on groupings from the CLUSTER analysis and NMDS ordination. Permutation-based hypothesis testing using one-way Analysis of Similarities (ANOSIM) was undertaken to determine the extent of the differences between diatom community structures for the different samples at different flow periods. Pair-wise comparisons from ANOSIM were used to identify significant differences (p < 0.05) between groupings of diatom community compositions. One-way Analysis of Similarity Percentages (SIMPER) based on species contribution was used to identify the species of diatoms that primarily provided discrimination between sample clusters. K-dominance plots were included to indicate sites that have an increased dominance of species relative to the other samples and flow periods.
Results
Water quality
Water chemistry was characterised by spatial and temporal variability in water variables among the 7 sites during both high-and low-flow periods (Table 2 ). The data indicate that the measured variables were generally within the target water quality range for aquatic ecosystems (DWAF, 1996) . Exceptions were increased NO 3 -N levels for relative reference sites CRH, agricultural Site C2L and urban influenced Sites C4H and C4L; increased PO 4 -P levels at urban impacted Sites C4H, C4L and C3H; increased conductivity, SO 4 and Cl levels at the agriculturally influenced Sites C1 and C2 for both seasons and a sharp increase in COD levels from high to low flow for Site C3 (2 to 17 mg O 2 /ℓ), and Site C4 (0.5 to 5 mg O 2 /ℓ). The TSS increased for all sites except for CR from high flow to low flow (Table 2 ). The TSIM fraction of the TSS increased from high to low flow at agricultural Sites C1, C2 and M2, as well as C3 which has an urban influence. The remainder of the sites, which include the relative reference sites and Site C4 showed an increase in the organic fraction between seasons.
Relationships between sites and water quality variables are displayed using PCA bi-plots showing samples and water quality parameters (Figs. 2A to C). Measure of fit is indicated by the length of the arrow in relation to the placement of the variable, and the distance between sampling sites approximates the dissimilarity of water chemistry as measured by Euclidean distance (Clarke and Warwick, 2001 ).
Temporal analysis
Principal component analysis for water quality variables at both high and low flow showing (dis)similarity amongst study sites on the Crocodile and Magalies Rivers is represented in Fig. 2A . The two-dimensional PCA bi-plot describes 56.6% of the variation in data, where 41.1% is displayed on the 1 st axis and 15.5% is displayed on the 2 nd axis. 
582
The reference Sites CRH, CRL, MRL, MRH and Magalies River agricultural test Sites M2H and M2L were separated from the remainder of the sites along the PC1 axis, indicating their dissimilarity to test sites. Urban Site C4 was more influenced by TP levels at both high and low flow than the other sites, and thus is separated from the other sites on the PC2 axis. No apparent trends in water quality based on the specific land-use practices are indicated in the PCA for the remainder of the urban and agricultural test sites on the Crocodile River; however, there was a degree of spatial variation for the remainder of the test sites. The subset of water quality variables that best described the existing classification and placement of sites at high flow according to BIO-ENV matching are DO (%), TP, PO 4 -P , Cl and NH 3 -N.
A PCA ordination of water quality variables for study sites at high flow is indicated in Fig. 2B . The two-dimensional bi-plot describes 67% of the variation in data, where 46.9% is displayed on the 1 st axis and 20.1% displayed on the 2 nd axis. Study sites on the Magalies River are similar to each other in terms of water quality, indicating spatial variation. Referring to specific variables agricultural Sites C1H and C2H varied in water quality due to the higher nutrient levels at C2H in comparison to C1H, but were similar in terms of higher COD, conductivity and turbidity levels overall. Urban test Sites C3H and C4H at high flow show dissimilarity on the PC2 axis that was contributed to by the difference in values for Ca, NH 3 -N and NH 4 -N. Urban sites were, however, very similar in terms their TP and PO 4 -P levels, which were higher than those of the agricultural sites. The subset of water quality variables that best describes the existing classification and placement of sites at high flow according to BIO-ENV matching remained DO (%), TP, PO 4 -P , Cl and NH 3 -N. 
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A PCA bi-plot of water quality variables for all sample sites at low flow is shown in Fig. 2C . The two-dimensional bi-plot describes 74.0% of the variation in data, where 53.8% displayed on the first axis and 20.2% is displayed on the second axis. Variables from a 2D configuration plot, overlaid on the PCA plot showed that relative reference sites CRL and MRL, as well as M2L were similar in terms of water quality at low flow. Water quality variables contributing to this similarity were relatively low levels of turbidity, conductivity, nutrients and COD. Urban sites were separated from agricultural sites on the PC2 axis for low flow indicating trends in water quality that may be related to land use. Urban sites were placed due to the higher COD, PO 4 -P, TP and NO 3 -N levels relative to the agricultural sites. Agricultural sites differed from the urban sites in terms of higher conductivity and salts (Cl and SO 4 ) levels. Relative reference sites are shown to be less influenced by water quality drivers according to the NMDS ordination. A trend was noted between water quality and land use in Fig. 3 , where sites that have agriculture as their main land use have strong positive correlations to DO, and where urban impacted sites show negative correlations to DO. According to BIO-ENV matching, the subset of water quality variables that best described the placement of sites at low flow was conductivity, pH and NH 3 -N.
Diatom community composition
A total of 99 diatom species were identified from the 7 study sites. Species richness varied from 11 to 42 with an average of 23. The grouping of sample sites according to CLUSTER analysis and NMDS ordination based on diatom assemblages for high and low flow are shown in Figs. 3A and B. The NMDS ordination indicated that sites group mostly according to land use, with the exception of Site C1L which was an outlier, and Site C2L which is an agricultural site that grouped with sites exhibiting urban impacts.
One-way ANOSIM showed that there was a significant difference (p < 0.05) between relative reference groups, agricultural groups and urban groups. There were no significant differences (p > 0.05) between groups that were made up of sites exhibiting the same land-use patterns.
The diatom species for high-and low-flow periods that contributed to the groupings of sample sites and similarity within the diatom groupings are shown in Table 3 . The reference sites were contained in Group 1 (Crocodile River relative reference group) and Group 6 (Magalies River relative reference group), and these 2 groups showed different species contributions in relation to each other. SIMPER analysis for the Magalies River reference site showed that Achnanthes minutissima (Syn. Achnanthidium minutissimum) and Gomphonema venusta were dominant species, whereas Cocconeis placentula var. euglypta and Navicula gregaria were dominant for the Crocodile River reference group.
The agriculturally influenced sites (with the exception of Site C2L) were contained within 3 different groups, separated seasonally and spatially, with varying dominant taxa; Group 2 (dominated by Diatoma vulgaris), Group 3 (Nitzschia frustulum and N. palea) and Group 5 (Navicula tripunctata and N. cryptotonella). Urban sites were placed together in Group 4, along with agricultural Site C2L. These sites were dominated by 3 species of relatively equal contributions, namely D. vulgaris, N. tripunctata and Amphora pediculus.
Ranked species k-dominance plots for diatom communities indicated by Figs. 4A and B show relative species abundance as a percentage of the total abundance, plotted for each site. 
3A-B (A) Bray Curtis similarity matrix based on hierarchical cluster analysis indicating the similarity between samples in relation to the diatom community structure at each site for high (H) and low (L) flow; and (B) 2-dimensional non-metric multidimensional scaling (NMDS) for diatom community structure data indicating percentage similarity and groups
At high flow the site where there was a dominance of a single species is CRH, whereas at low flow the sites that are dominated by a particular species are Sites C1L and M2L.
Diatom index scores
The index scores calculated by OMNIDIA for the selected diatom indices as well as their classes for each site on the Crocodile and Magalies Rivers at high-and low-flow periods are shown in Table 4 and Figs. 5A to E. Diatom index scores are presented as values from 0 to 20, where a decreasing score indicates an increasing level of pollution or eutrophication.
The diatom index scores indicated that the Magalies River was in an overall better class of ecological health than the Crocodile River. The agricultural Sites (C1 and C2) were in a slightly more modified ecological state than urban impacted Sites (C3 and C4) referring to Fig. 5 . The exception is urban Site C4, which has the lowest scores for the SPI and EPI diatom indices (Figs. 5A and D) , where Site C4 was the more impacted site of the two urban land-use sites according to the diatom indices. Agricultural Site C2 showed the lowest overall scores for GDI and an increased tolerance to organic pollution (Figs. 5C and E).
The overall diatom index scores for the Magalies River ranged from moderate to high integrity, and the percentage of diatom species that are tolerant to organic pollution (% PTV) were low ( 584 was classified as having a higher integrity than CR (reference site for Crocodile River).
During high flow, the overall integrity classes of the agricultural sites were 'poor' according to diatom indices, whereas integrity classes increased in the low-flow season. Urban sites were generally classed from 'moderate/poor' to 'moderate' overall. There was an overall increase in the integrity from high flow to low flow noted for the diatom index classes.
Sites on the Magalies River were in a state of oligotrophy (with the exception of M2H which at high flow was classed as eutrophic) and diatom communities present were made up of species that had a continuously high DO requirement (Table 5 ). There was a low DO requirement at high flow for M2, indicating impairment of the diatom community due to changes in water quality. The agricultural sites were in a state of eutrophy, were β-mesosaprobous and had a low to moderate DO requirement (Table 5) . Diatom communities at Site C1 at high flow showed that the salinity was tending towards brackish-fresh 
L -low flow; H -high flow; R -relative reference; A -agricultural land use; U -urban land use
Figure 4A-B Ranked species K-dominance plot for diatom communities collected at (A) high-flow (H), and (B) low-flow (L) at sites on the Crocodile (C) and Magalies (M) Rivers utilising abundances to indicate cumulative dominance
A B 
GDI Index
H/F L/F 586 indicating an increase in halophilous species at this site. Site C2 was classed as nitrogen heterotrophic tolerant, indicating an increased number of diatom species that are dependent on periodically elevated concentrations of nitrogen. It is important to note that CR at low flow shows α-mesosaprobity, which indicates a site that is strongly polluted with restricted fauna due to an increase in organic pollution.
Figure 5A-E Values for high (light bars) and low (dark bars) flow index scores for (A) SPI (B) BDI (C) GDI (D) EPI and (E) % PTV diatom indices in the
Of particular interest was Site C3 at low flow, where individuals of Cocconeis pediculus (Fig. 6A) , A. pediculus (Fig. 6B) and N. tripunctata (Fig. 6C ) having reasonably severe deformities were observed.
Discussion Water quality
Referring to water quality data and results collected at highand low-flow seasons for relative reference, agricultural and urban test sites during 2006, it is evident that, overall, agricultural sites displayed increased conductivity, TSIM, SO 4 and Cl levels, whereas urban sites were impacted by elevated levels of nutrients (in particular TP) and COD. Water quality in relation to site land uses are discussed below (Table 2) .
Agricultural sites
As one would expect from a site dominated by agricultural activities, conductivity values were relatively high at Site C1 (Schofield and Ruprecht, 1989; Williams, 1987; Williams, 2001) . Values for conductivity (612 µS/cm to 739 µS/cm) increased from high to low flow, as did salt concentrations with values increasing from 286 mg/ℓ to 412 mg/ℓ for Cl and 63 mg/ℓ to 124 mg/ℓ for SO 4 respectively. An increase in TSS from 0.0108 g/ℓ to 0.04 g/ℓ from high to low flow, most of which was in the inorganic fraction, was noted.
The seasonal trend in the pollution gradient (i.e. an increase in variable concentrations from high to low flow) for C1 may be explained by a combination of decreased flows in the winter months and abstraction of water for irrigation that leads to concentration of these variables. Data from this study agrees with studies done by Qader (1998) who found that reduced flows were correlated with an increase in sedimentation and conductivity concentrations downstream of abstraction points and reduced the dilution capacity of the river.
An increase in TSS and TSIM has been shown to be directly correlated with stripping of land and riparian zones for crop planting (Allan et al., 1997) . Centre-pivot farming occurs extensively along the length of the Crocodile River at, and preceding this site.
Nitrogen enrichment in the form of elevated levels of NO 3 -N also occurred from high to low flow for C1 (0.30 mg/ℓ to 3.50 mg/ℓ). When considering that historic data for this section of river collected by DWAF (2008 DWAF ( ) from 1993 DWAF ( to 2006 showed that the 90 th percentile for NO 3 -N was 1.011 mg/ℓ, and the median value 0.129 mg/ℓ, this value has increased exponentially. Inorganic nitrogen content may increase in rivers Water quality impacts for Site C2 were much the same as for Site C1, with a downward trend in water quality from high flow to low flow. When compared to historical data collected from the DWAF weir at Brits, these water quality variables have increased from previously recorded values (DWAF, 2008) .
Overall, nutrient levels at Site C2 were higher than at Site C1, with an increase in COD levels. The town of Brits and the sewage works are situated upstream of this site and in conjunction with the intensive cultivation and orchards leading up to this site this may contribute to the increase in nutrients and COD. According to DWAF (1996) , oxidisable organic matter originating from waste discharges causes spikes in COD. Increases in inorganic nitrogen concentrations are usually met with increases in the COD and pH values; this agrees with data collected at this site.
Site C2 at low flow particularly, showed elevated nitrogen and TP levels, which would explain its grouping with urban sites which are more likely to be affected by increases in nutrient values due to point source discharges of domestic and sewage effluents (DWAF, 1996) .
One would expect the cumulative effect of the intensive agricultural practices prior to C1 to show a decrease in the water quality from Sites C2 to C1. However, this is not the case and water quality at the downstream agricultural Site C1 appears to be of a better quality than that of Site C2. An explanation is that the Elands River joins the Crocodile River just before Site C1, and water from the Elands River is known to be in a 'fair' state, while that of the Crocodile River is 'poor' (RHP, 2005) . This confluence may have a dilution effect on pollutants in the middle Crocodile River. The combination of cumulative agricultural and urban water quality impacts at Site C2 appears to have an additive and interactive effect on water quality at this site.
Impacts in terms of water quality at Site M2 were nominal in comparison to agricultural test Sites C1 and C2. The relatively low water quality impact at agricultural test Site M2 is of interest, as there is intensive cultivation and livestock farming occurring along the length of the Magalies River upstream of this site. A study on land use and instream integrity in the Crocodile (West) Marico WMA, looking at the relative extent of different land uses at different spatial scales (ranging from 100m to catchments) showed that cultivated land was not a significant predictor of instream integrity at any scale (Amis et al., 2007) .
This section of the Upper Crocodile sub-management area is less populous and exponentially less urbanised than quaternary catchments where the other agricultural test sites have been selected (DWAF, 2004) . The site borders on the Magaliesberg Nature Area and this Reserve may have remediation effects on water quality. Amis et al. (2007) did find that the total area under natural vegetation was the best predictor of instream health, as it inferred good riparian integrity and hence good water quality control.
Urban sites
Site C4 -above Hartbeespoort Dam
Site C4 is on the Crocodile River above the Hartbeespoort Dam wall, and below the confluence of the Hennops River. Referring to Table 2 nutrient values were very high overall and similar on both sampled occasions.
A value exceeding 10 mg/ℓ for inorganic nitrogen is considered to be indicative of hypertrophy, in which there is very low species diversity, but in which algae flourishes (DWAF, 1996) . Levels of NO 3 -N were above 25 mg/ℓ, a level that is toxic to human beings (Dodds and Welch, 2000) . The immediate surroundings are natural, but there is an urban influence in terms of water quality from upstream land use, and this part of the river receives effluent from the Northern Sewage works which services the extensive urban settlements at Alexandra and Diepsloot. This would explain the consistently high values noted with regard to nutrients, as nutrients are being received from a point source.
Historical water quality data collected from 1972 to 2006 show that the 90 th percentile and median values for NO 3 -N recorded from water received from the Hennops was 7.9 mg/ℓ and 4.6 mg/ℓ respectively, with the highest recorded value measuring 27.6 mg/ℓ (DWAF, 2008). Water quality is known to be 'poor' at this point of the Crocodile River, because of high levels of nutrients received from the Hennops and Jukskei Rivers. The high nutrient levels are caused by sewage spillages and industry discharges into the sewer system. Increased development in Soweto and inadequate infrastructure is the likely cause for these increases in NO 3 -N levels (RHP, 2005) .
Sewage effluent regularly contains NO 3 concentrations that exceed the TWQR's. Industrial effluent received from the urban Normal Morphology (Taylor et al., 2007b) Teratological Diatoms (DWAF, 2008) . As was noted, there was a rise in the COD level from 1 mg/ℓ in summer to 5 mg/ℓ in winter.
Figure 6A-C Species of diatoms found at Site C3L showing normal morphology and teratological forms of (A) Cocconeis pediculus, (B) Amphora pediculus, and (C) Navicula tripunctata
Site C3 -below Hartbeespoort Dam wall
At this site the main impairments in water quality were changes from summer to winter of NO 3 -N levels (0.80 mg/ℓ to 9.30 mg/ℓ), a sharp decrease in DO (10.91 mg/ℓ to 3.79 mg/ℓ) in a manner consistent with COD increase (2 mg/ℓ to 17 mg/ℓ).
The shift in COD levels indicates that the oxygen deficit has increased from <15% to <75% between seasons. These values also indicate a shift from a 'slightly' polluted oligosaprobic to a 'strongly' polluted ά-mesosaprobic river reach (Taylor et al., 2007b) . The water quality impacts are associated with the development and maintenance of the residential areas surrounding the dam and river, and impacts due to urban runoff and sewage effluent. It is well known that these activities are responsible for nutrient and COD increases (Morrison et al., 2001) .
A tenfold increase in TSOM was noted for this site from summer to winter. This increase could be related to sewage inputs and algal blooms in the Hartbeespoort Dam. Algal blooms in this dam are common and well documented and will augment the organic fraction of the suspended sediments during spillage. The ongoing intensive construction prior to this site would contribute to the TSS values.
Reference sites
With the exception of high NO 3 -N levels in the summer months (19.60 mg/ℓ), water quality parameter values for CR were within the TWQRs for aquatic ecosystems, and were generally quite low (DWAF, 1996) . The adjacent land use is recreational; however the upstream land use is urban. A source of the high NO 3 -N levels is urban run-off as this is known to cause increases in nutrients (Carpenter et al., 1998) .
As was expected for Site MR, there were no major water quality impacts with exception of somewhat higher conductivity (431 µS/cm and 256 µS/cm) values, and an increase in the organic fraction of the TSS from 0.016 g/ℓ to 0.0236 g/ℓ for this reach of the river.
Upstream of this site is a small aquaculture operation. Organic matter fractions in suspended solids have been shown to increase downstream from fish farms (Brown, 1996 cited in Dallas and Day, 2004 ). An increase in the organic fraction of the TSS in winter could also be due to leaf litter from the riparian canopy that covers the river. Illegal water abstraction of ground water from the aquifer supplying Maloney's Eye is more than likely a contributing factor to the increase in conductivity values from reference conditions due to lowered flows (Qader, 1998; Magalies River Forum, 2007) All of the other water quality parameters fell within the TWQRs as set out by DWAF (1996) . The dolomitic source of the Magalies River (Maloney's Eye), is a few kilometres upstream of this site, hence water variable concentrations were expected to be low as the upper reaches of rivers are generally oligotrophic (Davies and Day, 1998) . Contributing to this good water quality is the land adjacent to MR which is in a relatively un-impacted condition. As discussed earlier, natural land use is the best predictor of good stream integrity (Amis et al., 2007) .
Relationships between water quality and land use
High and low flow combined The 2 Magalies River sites (MR and M2) and the reference site on the Crocodile River are distinctively separate from the other sampling sites on the first ordination axis (PC1 axis -Fig. 2) . This is an indication that the water quality at the reference sites and Site M2 clearly differs in water quality parameter composition from the test sites. The reason for this separation would be that the water quality variables at these sites are lower, indicative of oligotrophic to mesotrophic conditions that tend to move away from pollution gradients that are shown in Fig. 2A .
A distinct separation between Site C4 and the remainder of the Crocodile River test sites (C1, C2, and C3) was noted along the PC2 axis (Fig. 2A) . The placement of urban site C4 was due to consistently high nutrient levels that distinguished it from the other sites, in particular phosphorus levels. This is most likely from the influence of the sewage works that are associated with this site.
Interestingly enough, agricultural Site C2 and urban Site C3 showed more similarity in terms of placement than Sites C2 and C1 did. Referring to Table 2 , Sites C2 and C3 were more similar in terms of nutrient levels (nitrogen levels in particular) than the agricultural sites were. Site C2 is impacted by sewage inputs from the town of Brits upstream, and this could be a possible factor influencing its similarity with the urban Site C3.
Agricultural Site C1 is more similar to the sites with better water quality than to the other more impacted sites. This shows that a recovery takes place downstream from agricultural Site C2 to Site C1. As discussed earlier, this is thought to be from the influence of the water of the Elands River that joins the Crocodile before Site C1 (RHP, 2005) . Another plausible reason could be attributed to the Roodekopjes Dam that is upstream from Site C1. Dams may have the ability to settle out sediments and nutrients before water re-enters the river.
Nearly half of the variation in the water quality for high and low flow combined is not explained in Fig. 1 . This variation is likely to be related to the presence of unknown water quality constituents entering the system from the surrounding catchment. Ansara-Ross et al. (2008) indicated that the agricultural sites below the Hartbeespoort Dam are at risk of being affected by large scale pesticide use. Further, in this paper we also ascribe gross diatom cell-wall deformities to metal exposure. It is therefore likely that contaminants such as pesticides and heavy metals could offer more explanation in terms of the interpretation of Fig. 2A .
High flow
At high flow a separation of Sites CR, MR and M2 along the PC1 axis is again noted, indicating dissimilarity in variable concentrations in comparison to higher values noted for test sites (Fig. 2B) . The close placement of both of the Magalies River sites on the PCA bi-plot signifies a spatial dissimilarity to sites on the Crocodile River.
The reason that there are no distinct patterns that link water quality to land use in the high-flow PCA is because each of the remaining test sites (C1, C2, C3 and C4) have variable combinations (combinations of concentrations) that are unique to each site. This is thought to be contributed to by a combination of water quality impacts from runoff from land after summer rains, and releases from respective dams that are upstream of Sites C1, C2 and C3. Land runoff would contain pollutants that would be associated with the practices of each specific adjacent land use, while dam water would contain a mixture of pollutants from a larger and more diverse, catchment area.
Urban Site C3 had the highest DO concentration noted for any of the sites, and these notably higher values contribute to its dissimilarity in relation to other test sites. The higher DO 589 is probably due to the high cobble contribution to the instream habitat at this site which contributes to mechanical mixing. Figure 2C shows that a pollution gradient exists between CR, MR and M2, and the remainder of the test sites along the PC1 axis. As mentioned previously, the water quality values for these sites were low. Low flow data shows a separation of the agricultural sites (Sites C1 and C2) and urban sites (Sites C3 and C4). The placement of the agricultural sites is driven by variables such as salts and conductivity, whereas urban sites' placements were more driven by nutrient and COD. This indicates a more specific pollution gradient were distinct impacts are seen for each land-use type. The variables contributing to placement at low flow are examples of well known specific pollution problems associated to each land use. Irrigation in the dry season is known to cause salinity gradients in agricultural regions due to abstraction and concentration of salts around the roots of crops (Moore et al., 1990 cited by Lemly, 1994 Williams, 2001 ).
Low flow
Diatom community composition in relation to land use Site groupings
Reference groups Group 1 (Table 3 & Figs. 3A and 3B) contains the reference site for the Crocodile River (CR) at high and low flow. Cocconeis placentula var. euglypta, N. gregaria and Gomphonema pumilum contributed to 50.9% of the make-up of this group. The species in Group 1 are all tolerant of eutrophic to hypereutrophic environments and N. gregaria and G. pumilum can tolerate critically to strongly polluted waters (Taylor et al., 2007b) . Figure 6a indicating K-dominance curves for sample at high flow also showed disturbance at this site to be the greatest in terms of the dominance of C. placentula var. euglypta. Considering the adjacent river land use, this result was not expected.
The immediate surroundings of this site are recreational/ natural with a relatively intact riparian zone; however, on a wider spatial scale the upstream activities are of a highintensity, i.e. the dominance of high density residential areas on the runoff to the Crocodile River, which would explain the presence of these particular diatom species. This indicates that scale and continuum play an extremely important role and that instream health was not predicted by natural land cover at this scale. The extent to which land use influences the instream integrity is scale-dependent and generally is more predictable on a catchment scale rather than a localised scale as in this study (Allan et al., 1997; Amis et al., 2007) .
The Magalies reference site (MR) for both seasons is contained in Group 6 (Table 3 & Figs. 3A and B) . Achnanthes minutissima (21.80%) and G. venusta (11.49%) accounted cumulatively for 33.3% of the total diatom species contribution by abundance. The diatom A. minutissima is numerically dominant in upland streams and is typically found in rivers with low salinities and phosphorus concentrations, and dominates when turbidity values are low (Eloranta and Soininen, 2002; Blinn and Bailey, 2001) . Taylor et al. (2007b) also noted that A. minutissima is generally found in clean, freshwaters that are well oxygenated. The findings of this study are in agreement with the findings of Lavoie et al. (2004) , who found A. minutissima to be prevalent at reference/natural sites. In a study on organic and agricultural pollution, this species was found only in the uppermost river sites where conditions were oligotrophic .
Because G. venusta is thought to be an endemic species to South Africa, environmental preferences have not been established in European indices used for calculating integrity (Taylor et al., 2007b; Taylor et al., 2007c) . In a study on the relevance of diatom-based pollution indices to South Africa (Taylor et al., 2007c) , G. venusta was shown to be associated with good water quality and with low levels of water quality variables at sites in the Crocodile (West) Marico WMA.
The presence of Cocconeis placentula and C. pediculus in the remainder of the similarity percentage make up suggests that possible underlying nutrient and salinity problems exist. Cocconeis placentula can tolerate mesotrophic to eutrophic conditions, whereas C. pediculus may tolerate moderate to high salinities (Van Dam et al., 1994; Hill et al., 2001; Taylor et al., 2007b) . Higher than expected conductivity values, and an increase in NO 3 -N from the high-to low-flow season confirms the indicator values of these species for this headwater site.
Agricultural groups
Agricultural sites were separated into Group 2, Group 3 and Group 5 (Table 3 and Figs. 3A and B ). An unexpected positioning of Site C1L was noted when referring to NMDS and CLUSTER ordination based on diatom community structure for samples at high-and low-flow periods. It was expected that agricultural Site C1L would group with other agricultural sites on the Crocodile River at low flow (i.e. C2L). However, C1L was dissimilar to any of the other sites in terms of diatom community composition. This outlier group (Group 2) was placed due to the strong domination of D. vulgaris (77%) at this site (Table 5 ). This dominance of D. vulgaris is also noted in the K-dominance plots for low flow, indicating disturbance at this site (Fig. 4B) .
Environmental preferences for D. vulgaris include conductivity of 100 μS/cm to 500 μS/cm and mesotrophic to eutrophic conditions (Taylor et al., 2005a; Hill et al., 2001 ). According to Table 2 Site C1L exhibited an increase in Cl and SO 4 levels for the low-flow period, almost doubling from high-flow figures, and showed an increase of close to 400% in TSS concentrations.
These findings contradict evidence of D. vulgaris being one of the most sensitive species in relation to increases in sediment loads and embeddedness in the USA (Blinn and Herbst, 2003) . According to indicator values from the Netherlands, Diatoma spp. have relatively high indicator values for pH, organic nitrogen, oxygen, saprobity and trophic state (Van Dam et al., 1994) . However, South African studies have linked D. vulgaris specifically to freshwaters with elevated levels of phosphatephosphorus (Taylor et al., 2007b) . According to Taylor (2007) this diatom species is routinely found in high abundances below Bloemhof Dam, which occurs in an irrigated agricultural region. This somewhat contrasting information suggests that cosmopolitan indicators, such as D. vulgaris, which are used in European and American diatom indices of pollution, may not have the same value in a South African context. Apprehension has been expressed as to the viability of using data concerning the ecological preferences of diatoms between the Northern and Southern Hemispheres .
When considering the remainder of the diatom community composition at C1L, impacts point in the direction of nutrient problems, more than salinity and conductivity problems as indicated by the water quality variable figures (Table 2) . 590 Amphora pediculus, Cocconeis pediculus, C. placentula var. euglypta and N. gregaria make up the majority of the remainder of the community. The combination of these sub-dominant species with dominant D. vulgaris suggests that there were major problems related to eutrophication directly preceding sampling. At the low-flow site visit, it was noted that there was a bloom of filamentous algae on cobbles which is indicative of over-fertilisation of adjacent land and subsequent runoff into freshwater ecosystems. Increases in algal biomass were recorded in artificial channels of stream reaches that were artificially fertilised (Hart and Robinson, 1990).
As discussed above, NO 3 -N levels rose from high to low flow far exceeding historic levels for this section of river. Preparation of land with fertiliser, and subsequent irrigation and runoff may be the cause of the increase in NO 3 -N levels (Dallas and Day, 2004) . Problems with interpretation of such results were shown by Biggs (1996) . Over time many largescale indirect factors such as climate and geology, limit or obscure the expression of direct small-scale factors such as nutrients and flow. This ultimately makes data interpretation difficult and ambiguous.
Crocodile River agricultural Sites C1H and C2H were placed in Group 3. The groups comprised N. frustulum, N. palea, A. pediculus and Aulacoseira granulata which are associated with increased salts, caused most probably from runoff from these highly cultivated areas. The composition of pollution-tolerant taxa at this agricultural site points directly to salinity problems, which were noted in the water quality data.
Nitzschia frustulum and N. palea were linked to high conductivity gradients (5 000 to 7 500 µS/cm) in lowland streams with moderate to heavy agricultural practices. The above species and A. granulata were also found to be important indicators for high phosphorus environments in streams in Australia (Blinn and Bailey, 2001) . Slightly elevated TP levels were noted at C2H.
When observing the individual composition of the diatom assemblages at C1H and C2H, Navicula recens and Nitzschia liebertruthii were found to be dominant at the respective sites. The presence of these species reiterates the presence of a salinity gradient at these agricultural sites, as Taylor et al. (2007b) describes these 2 diatoms as occurring in 'very' electrolyte rich to brackish waters. The significant contribution of the genus Nitzschia to this grouping also suggests siltation problems, as this genus is known to have many species that are motile and may escape the effects of siltation (Hill et al., 2001) .
Group 5 was composed of agricultural Site M2 at high and low flow. As noted, water quality impacts for this agricultural site were less severe than sites on the Crocodile River. There was an increase in NO 3 -N between the summer and winter months; however, the remainder of the water quality values were relatively constant. The combination of the present dominant species points strongly to a eutraphentic trophic state, bordering on hyper-eutraphentic. The most dominant diatom of this group's assemblage is Navicula tripunctata, which is considered to be 'a good indicator of eutrophic waters that can tolerate critical levels of pollution ' (Taylor et al., 2007b) .
Two species belonging to the genus Navicula (N. tripunctata and N. cryptotonella) cumulatively make up the initial 27.37% of the assemblage of Group 5 (Table 3) . Navicula spp. have been used in siltation indices as they are motile and can escape habitats that have silt issues (Kutka and Richards, 1996; Hill et al., 2001) . Bahls (1993) reported that catchments that generate higher levels of silt that end up in receiving streams have a higher percentage of motile diatoms present, even if there are no other pollution gradients of disturbance present. Gomphonema parvulum, which made up 6.78% of the composition of Group 5, is also a sediment increaser taxa that is tolerant of 'extremely polluted waters ' (Telpy and Bahls, 2006; Taylor et al., 2007b) . Rott et al. (1998) showed N. tripunctata and Navicula cryptotonella were excellent indicator species in relation to agricultural disturbances. The frequency of occurrence for above taxa at sites associated with agriculture was 80%, and these species occurred at their highest abundances at these sites.
The presence of the diatom species that are moderately tolerant of pollution are counteracted by 2 diatoms that are associated with moderate to good quality waters (Taylor et al., 2007b) ; namely A. minutissima and Achnanthidium pyrenaicum (Syn. Achnanthes biasolettianum). According to Kahlert et al. (2009) , an A. minutissima complex occurs which hosts 3 different varieties of the species that vary in water quality preferences according to their respective morphology, in particular the valve width. Although the valve width of A. minutissima individuals was not measured in the current study, we speculate that the A. minutissima noted in association with the Navicula species at Site M2 (Group 5) was a more tolerant variety of the complex. Achnanthes minutissima is a pioneer coloniser in systems where the water velocities are high, as they are capable of strong attachment to substrate and have a rapid growth rate (Kelly, 2002; Martinez de Fabricius et al., 2003) , and is also associated with calcareous waters of dolomitic springs which are associated with the area (Sabater and Roca, 1992; Taylor, 2009) . The combination of species noted at Site M2 infers that a combination of recent physical disturbance, geo-hydrological contributions and the underlying geology are factors contributing to the assemblage.
Site M2L shows a large degree of dominance by a single species (A. minutissima) in K-dominance plots for low flow (Fig. 6B) . This species is a common pioneer species in head waters, and often dominates surfaces that have previously been impacted by physical abrasion or by pollution. The dominance of this species for low flow would indicate the recovery of this site from an unknown impact.
Urban group
Species making up the composition of Group 4, which contained mostly urban-impacted sites, were not entirely unique to this group. One diatom species that does stand out however, is Eolimna subminuscula. This species is a very good indicator of industrial organic pollution and of strongly polluted waters (Gevrey et al., 2006; Taylor et al., 2007b) . Urban sites did exhibit high nitrogen and phosphorus levels overall, and it is well known that compounds of nitrogen and phosphorus are often present in high concentrations in organic discharges.
Examining more closely the species composition of Sites C3 and C4 at high and low flow, one notices the contribution of Fistulifera saprophila, Mayamaea atomus and Eolimna minima to the urban sites. These species are considered to be some of the most pollution-tolerant diatoms and are generally indicative of organic pollution (sewage), or are associated with organic detritus (Taylor et al., 2007b) . The increases in COD from summer to winter at these sites would select for the above species.
The grouping of Site C2L with urban sites in Group 4 was interesting. This site suffers from impacts of agriculture and urban practices with sewage discharges contributing to an increase in the organic pollution at this site. Rott et al. (1998) found that sites that were impacted by both agricultural and urban practices were highly affected in terms of water quality. 591 It appears that in the low-flow season water quality, and hence diatom assemblage, is more affected by organic inputs rather than inorganic nutrients from farming practices than in the low-flow season. Author to check Diatom community integrity A range of diatom indices that were tested by Taylor (2004) and Taylor et al. (2007a) were selected for representation of the extent of aquatic pollution at each of the study sites for the Magalies and Crocodile Rivers. Figures 5A to 5E and Table 4 indicate graphs and display trends in water quality as represented by the selected diatom pollution-based indices. These data indicate that the Magalies River was more ecologically stable than the Crocodile River according to the diatom indices. The relative reference site MR remained in a 'Good' class overall, whereas the agricultural site showed recovery from high to low flow moving from a 'Moderate' integrity to a 'Good/High'. The water quality integrity for M2L as indicated overall by diatom indices superseded that of MR. These data are in agreement with the water quality data collected for the Magalies River in this study.
Huizenga (2004) used historical data to show that the Magalies and Skeerpoort Rivers did not show any sign of water quality pollution or change from the 1970's to present and had good to excellent water quality index scores. According to the causal principle (Schonfelder, 2000) this would provide an ambient environment that would favour the colonisation of diatoms that have ecological preferences for oligotrophic to mesotrophic water. The confluence of the Skeerpoort and the Magalies Rivers before Site M2 may be a contributing factor the good water quality noted at this site for low flow, as the Skeerpoort is known to have a good water quality and a high ecological integrity (RHP, 2005) .
Referring to the Crocodile River, the indices that represent general water quality are the SPI, BDI and GDI (Figs. 5A to C). These indices show very similar trends in water quality between the seasons. What is interesting to note is the recovery in water quality integrity (mostly noted in the low flow samples) after the influence of large dams. For example, urban Site C4 (upstream) is separated from urban Site C3 (downstream) by Hartbeespoort Dam; and agricultural Site C2 (upstream) is separated from Site C1 (downstream) by Roodekopjes Dam. This trend may be attributed to the settling out of suspendoids and nutrients in these large dams, adsorption of some nutrients to sediments and phosphate removal by algae and macrophytes (Andersen et al., 2004) .
The EPI (Fig. 5D) is designed for the measurement of the effect of nutrients on ionic strength and is influenced most significantly by phosphorus levels (Taylor, 2004; Dell'Uomo, 1996; Dell'Uomo et al., 1999) . The EPI showed a similar trend in water quality in relation to the positioning of dams. From the comparison of high-and low-flow index scores for the Crocodile River, it is noted that there is an increase in the EPI after Hartbeespoort Dam wall, where after there is a downward trend to the first agricultural site with a very slight recovery after the Roodekopjes Dam wall.
The % PTV is defined as the sum of diatom taxa regarded as being tolerant to organic pollution. Once again, the trend noted in the % PTV Scores (Fig. 5E) indicates that the percentage of pollution-tolerant valves decreases immediately after the influence of large dams. The only indication of heavy organic pollution (probably due to sewage inputs) was at Site C2 at high flow. This site had a value of 55.9%, indicating serious organic pollution. At C2 there are urban and agricultural impacts at different spatial scales associated with this site. Nutrient impacts from agriculture arise from a combination of smaller sewage inputs, livestock runoff, emissions of NH 3 -N to air and leaching and run-off of nitrogen (Jarvie et al., 1998) . Nutrients from urban activities include large inputs of phosphorus to surface waters due to point sources of sewage and industrial effluents entering river systems (Dallas and Day, 2004) . These results once again reiterate that the cumulative organic inputs of agricultural and urban impacts have synergistic effects on water quality that have severe impacts on primary producer communities such as diatoms.
There was a general increase in overall classes/scores from high to low flow (Table 4) . A study in a catchment with mixed land use by Boyacioglu (2006) showed that under high-flow conditions, water pollutants mainly originated from urban land use, while water quality was contributed to by agricultural pollutants during the low-flow period. The reason noted for the results obtained for high flow was due to runoff from an increase in impermeable surfaces which weakens the buffering capacity of stormwater in urban areas. These data go against common belief in that a change in river flow is often inversely related to the concentration of constituents in the water (Stednick, 1991) . Taking into consideration data from the current study and the study by Boyacioglu (2006) , this would imply that agricultural pollution has a lower impact on overall water quality than urban practices do.
General ecological description and trophic classification
Using diatoms to monitor eutrophication and saprobity in rivers may be undertaken by the collection of a single diatom sample per season as diatoms have varying tolerance for nutrient increases and organic enrichment (Taylor, 2004; Van Dam et al., 1994) . The changes in diatom communities that represent changes in nutrient and organic inputs are more holistic than chemical water quality monitoring as they indicate any impacts that may have occurred in the previous 6 weeks (Taylor, 2004) . This section refers to Table 5 .
Along a longitudinal gradient from the head waters to the middle reaches of rivers, there should be an increase in nutrients and organic material (Vannote et al., 1980) . Looking at the Magalies River as a tributary of the Crocodile River, the trophic state was oligotrophic at MR (mountain stream) and M2 (upper/middle reaches) improved from a state of eutrophy to oligo-mesotrophy between seasons (Table 5 ). The saprobity was β-mesoprobous for all sites on the Magalies for all seasons, indicating a slightly to moderately polluted system in terms of organic matter.
The Crocodile River was eutrophic from the headwaters (Site CR) to the site situated most downstream in the middle reaches (Site C1) for both seasons with the exception of agricultural Site C1. This site showed a slight improvement in its trophic status from eutrophic at high flow to mesotrophic at low flow. According to Kelly (1998) , in low-flow conditions, rivers should resemble lentic systems and nutrients are usually retained in rivers in low flow. This contradicts the findings for Site C1. The reason for this is that runoff from rainfall in the summer months is a contributor of nutrients to this point. At low flow, there is less runoff from surrounding land, and thus less inorganic nutrients entering the system from overfertilisation. These nutrients would then be flushed off of the agricultural lands after the first heavy spate and return to the river causing the river to return to a eutrophic state in the summer months. 
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Site CR in the upper reaches of the Crocodile River should be in a state of oligotrophy according to its order (Vannote et al., 1980) ; however, this site is in a eutrophic state. This eutrophy is indicated by the presence of species that are tolerant to elevated levels of nutrients and that have low DO requirements. The saprobity at CR at low flow was α-mesoprobous. This was the only site on the Crocodile River that showed definite saprobity problems as the rest were β-mesoprobous for both seasons. An α-mesoprobous state suggests that the river has been exposed to organic pollution and is in the initial stages of recovery where fauna is restricted and bacterial counts are high (Kolkwitz and Marsson, 1908 cited in Dallas and Day, 2004) . This site does suffer from impacts that are related to high-density urban activities which would explain the change in saprobity from high to low flow.
Diatom deformities
The presence of cell-wall deformities in C. pediculus, A. pediculus and N. tripunctata noted at Site C3 at low flow are shown in Figs. 6 A to C. Deformities in frustules of diatoms are generally ascribed to silicon limitation, heavy metals and extreme pH (Ruggiu et al., 1998; Dickman, 1998) . Referring to water quality data in Table 3 , pH may be ruled out as a contributing factor to the deformities as the values were within TWQRs as set out by DWAF (1996) . Silicon was not measured for the purpose of this study. Considering that there are numerous mines (one of which is an open cast chrome mine) close to the Hartbeespoort Dam area, heavy metal contamination may very well be a plausible explanation for the deformities noted in diatoms at this site. COD increased to a level of 17 mg/ℓ at Site C3L from 2 mg/ℓ at Site C3H which coincides with the observation of deformities in the diatom species (Table 2) .
Researchers have concluded that abnormal cell morphology of diatoms might be a valid indicator of ecosystem health. In case studies in Hong Kong and Hungary more deformed species with teratological frustules were found close to heavymetal polluted sources (Dickman, 1998; Szabó et al., 2005) .
For deformities to occur in cell walls of diatoms, metal concentrations must be high enough to cause the development of irregular frustules; however, the concentrations need to be low enough to permit at least one division and this range of concentration is often very narrow (Pickett-Heaps et al.,1990) . Converse to the point made in the above paragraph, many authors consider this along with the fact that diatoms may have natural variations in morphology to be a limiting factor in the use of teratological diatom frustules as indicators of heavy metal pollution (Dickman, 1998) .
Conclusion
Comparison of community structure for diatoms taken from sites with varying land uses using NMDS and SIMPER analysis reflected differences attributable to land use. Considering the make-up of the reference site MR, which was comprised of diatom species that had preferences for clean, freshwater, diatom community structures were modified and showed specific variation due to identified agricultural and urban water quality impacts.
Agriculture could be split into high-and low-intensity practices, where high-intensity agriculture was indicated by the presence of motile species of the genus Nitzschia, and low-intensity agriculture was indicated by motile species of the genus Navicula. Urban sites contained a combination of species that were tolerant of spikes in water quality.
Sites that were impacted by high intensity agriculture were in a 'poor/moderate' class overall, indicating that water quality impacts at these sites were more severe than at urban sites which showed an overall 'moderate' class for diatom community structure. The reference site was classed as 'good' in terms of water quality and diatom assemblage.
There is an increasing acceptance of the view that chemical measurements alone are poor determinants of the biological impacts of pollutants. As a result, there is an increasing movement from the reliance on chemical water quality data to assess the health of ecosystems, to an approach that uses biological communities (biomonitoring) which provide a direct way of observing the impact of contaminants. Because diatoms remain in one place for a number of months, they show cumulative effects and an ecological 'recall' of the water quality over this period. This was evident in the current study as different pollution types were associated with specific diatom species.
